Abstract: Growth and planar-waveguide laser (PWL) performance of garnet-crystal-films are reported. Demonstration of 70% slope efficiency with >16.5W realized with Yb:YAG, along with the first Yb:GGG and Yb:YGG PWLs. Thickness and performance scaling will be discussed.
Introduction
Thick-film planar gain media are an important part of high-power laser systems, enabled by simple thermal management, and a choice of two operational configurations dependent upon the choice of the optic axis of the amplified light. For light propagating in the plane of the film, the device is a planar waveguide (PW), which combines many of the advantageous properties of fiber and bulk laser systems, such as confinement of the pump and laser modes leading to the potential of relatively high gain and slope efficiencies, with low thresholds, yet still providing some level of beam-area scaling to mitigate detrimental non-linear effects. Similarly, for the optic axis nominally perpendicular to the film surface, the thin disc (TD) is well known for its tremendous power-scaling potential, albeit with relatively low single-pass gains, thus requiring exceptional quality for the laser cavity components to ensure efficient operation. The uptake of high-power PWs lasers and amplifiers has been limited due to difficulties in fabrication, which has typically employed direct bonding that requires precision polishing of large areas to very high surface quality. The TD is also fabricated by precision polishing, then careful coating and mounting, the process having taken many engineering-years of effort to perfect. Here, we report our recent progress with pulsed laser deposition (PLD) that provides epitaxial growth of thin crystal layers, through the ablation of a target material, and with the potential for sub-micrometer control of the crystal composition. Material composition is controlled, either in steps or continuously by the use of multiple targets each contributing to the growth. Recently, we have improved the PLD process to grow doped-YAG crystal films with near stoichiometric quality, which when operated as PWLs produced 48% slope efficiency and >10W output power [1] .
In this presentation we will discuss further improvement in Yb:YAG crystal-film quality and laser performance, with near identical spectroscopic characteristics to conventional (e.g. Czochralski) grown material, and laser characteristics exceeding that obtained from bulk gain medium, i.e. a slope efficiency of 70% leading to a maximum output power of 16.5W, limited by the pump source. Furthermore, we report the first laser demonstrations of Ybdoped GGG and YGG planar waveguides fabricated via PLD. Each of the garnet hosts were grown on the same substrate material (YAG), which presents the opportunity to produce composite gain elements for bespoke control of the spectroscopic characteristics of the gain medium. Finally, we present our progress in scaling the thickness of the resultant films, such as a 50-micron-thick 7.5-at.% Yb:YAG crystalline film, approaching the technologically relevant dimensions for TD lasers.
Fabrication
Conceptually, the PLD process is quite simple, a pulsed laser is focused onto a target containing the material that you wish to deposit. Under vacuum or a low pressure background gas, the ablated material forms a plasma plume, propagating across the chamber and depositing onto a substrate facing the target. For the growth of crystal films it is often necessary to heat the substrate, with a substrate temperature of approximately half the melting point of the material to be grown being a good starting point for further optimization. Previous work on the growth of YAG has been hampered by the good UV transparency of single-crystal YAG targets for most sources typically used for PLD. To achieve absorption sufficiently close to the surface to allow efficient ablation, wavelengths <190nm are required, shorter than achievable with either KrF or ArF excimer lasers. To avoid the requirement for more exotic lasers (e.g. Xe2 or F2) we have investigated the use of pressed ceramic targets, which due to the multiple scattering events that occur significantly decrease the penetration depth of the laser radiation. This reduces the ablation threshold sufficiently to allow for the effective use of KrF excimer lasers at 248 nm. Using this technique, we have studied the growth of a wide range of oxides including garnets [1] , and cubic sesquioxides [2] , with the eventual aim of being able to tailor refractive index and spectroscopic properties on the sub-micron level while alleviating some of the detrimental effects that typically occur for mixed materials e.g. reduced thermal conductivity. For this work we consider the garnet system containing yttrium, gadolinium, and aluminium or gallium, which includes the pure garnets of Y3Al5O12 (YAG), Y3Ga5O12 (YGG), Gd3Al5O12 (GAG) and Gd3Ga5O12 (GGG).
Yb:YAG
Due to its technological importance we have started with Yb:YAG as a prime candidate for active films, compatible with both PW or TD formats. After several iterations, it is now possible to fabricate films with high crystal quality, near textbook spectroscopy, and laser slope efficiencies of 70%. This performance level is unprecedented for PLDgrown material at 3x the slope efficiency of the nearest rival material system. Since this result, we have further pushed the limits of state-of-the-art PLD, increasing film thickness to the point of technical relevance for TD oscillators and amplifiers, where we have grown a 50µm-thick homoepitaxial layer of 7.5-at.% Yb:YAG onto a 1-mm-thick YAG substrate, at the time of submission. Such composite crystals can be easily handled due to the substrate thickness and feature a degree of ASE suppression due to the thick YAG substrate, with this also having potential to work as an index-matched, transparent heat spreader. These thick films are currently being prepared for microchip laser characterization.
Yb-doped gallium garnets: Yb:YGG and Yb:GGG
We can now routinely grow films of YGG of a crystal quality comparable to that of our PLD YAG material. Spectroscopy of our Yb:YAG, Yb:YGG and Yb:GGG films confirms that, due to the reduced Stark splitting of the 2 F7/2 manifold, the gallium garnets feature a main emission peak that is blue shifted by ~5 nm to 1025 nm. Laser action on this peak has been achieved for both Yb:YGG and Yb:GGG with output powers in excess of 1 W. 
Towards mixed garnets
Due to this shift in the emission cross section between the Al and Ga garnets, there is unique opportunity made possible by multi-beam PLD, to fabricate mixed or composite layers of the respective garnets to enhance the gain bandwidth of Yb
3+
, whilst keeping the physical and optical properties of these hard oxides. Thus either a twincrystal or a mixed-crystal amplifier could be designed to reduce the gain narrowing (pulse-broadening) experienced by ultrashort pulses when amplified within the gain medium. Fig. 3 presents the emission cross sections of Yb:YAG, Yb:GGG and Yb:YGG, derived from fluorescence measurements and applying the Füchtbauer-Ladenburg equation, assuming the same lifetimes of Yb:YAG, likely to result in an underestimate in the Ga garnet cross section values. Also presented is the calculated effective gain cross-section of mixing suitable quantities of YAG and YGG to obtain a broad and relatively flat gain bandwidth. This could be achieved as a single mixed crystal, as a waveguide designed such that the waveguide mode samples layers of different materials, or as a TD consisting of a stack of at least two layers. The mixing of the crystals in any of these configurations has two beneficial effects. The first is the increase in bandwidth for absorption on the zero-phonon line to 3.5 nm. This would, with correctly selected diodes, allow for efficient pump absorption without the requirement for spectral narrowing/locking of the pump source, e.g. with volume Bragg gratings. The second advantage is the increase in emission bandwidth reaching a full width at half maximum of 14.4 nm making amplifiers based on this material suitable for amplifying pulses of <100 fs. 
Conclusions
We have demonstrated that high-quality garnets can be routinely grown by pulsed laser deposition. We present laser performance from a Yb:YAG waveguide laser reaching a slope efficiency of 70% with 16.5 W of output power, a significant improvement on any previously reported laser results using PLD-grown material, and the first time that laser performance has challenged established crystal growth techniques. We report the growth of a 50-µm-thick crystal-film of 7.5 at.% YAG for use as a bulk laser, either as a thin disk or in a microchip geometry. This would be the first report of laser action being achieved in either of these architectures for PLD material and represents a significant departure from the precision polishing and handling of delicate ~100-µm-thickness crystals normally required. Also growth of Yb:YGG and Yb:GGG by PLD are reported for the first time, Watt-class laser output is achieved for both of these materials and spectroscopic properties are reported with a view towards creating composite gain media with gain bandwidths exceeding those of conventional garnets, potentially allowing for the realization of <100 fs pulse amplifiers.
